Abstract-Women younger than 75 years with stable angina or acute coronary syndrome have higher cardiac mortality than similarly aged men, despite less obstructive coronary artery disease. To determine whether the myocardial structure and coronary microvasculature of women differs from that of men, we performed histological analysis of biopsies from nonischemic left ventricular myocardium from 46 men and 11 women undergoing coronary artery bypass graft surgery who did not have previous cardiac surgery, myocardial infarction, heart failure, atrial fibrillation, or furosemide therapy. The 2 patient groups had similar clinical characteristics, apart from a lower body surface area (BSA) in women (Pϭ0.0015). Women had less interstitial fibrosis than men (Pϭ0.019) but similar perivascular fibrosis. Arteriolar wall area/circumference ratio, a measure of arteriolar wall thickness, was 47% greater in women than men (Pϭ0.012).
I
schemic heart disease of women is different from that of men. 1, 2 Women with stable angina referred for angiographic evaluation are less likely to have significant coronary artery disease, 3 yet women younger than 75 years with stable angina have a higher coronary standardized mortality ratio than men. 4 Moreover, when women present with an acute coronary syndrome, they are less likely to have an STsegment elevation myocardial infarction and more likely to have unstable angina, 5 and although they are less likely to have significant coronary artery disease, 3, 5 women less than 75 years of age with myocardial infarction have a higher risk of coronary death than men. 3,6 -8 Evidence for a greater role for coronary microvascular dysfunction in ischemic heart disease of women is the report that retinal arterial narrowing, a marker of lower hyperemic myocardial blood flow and perfusion reserve, 9 predicted coronary events in women, but not in men. 10 To investigate the possibility that the different characteristics of ischemic heart disease in men and women reflect differences in myocardial structure and coronary microvasculature, we examined myocardial fibrosis, cardiomyocyte size, capillary length density, diffusion radius, and arteriolar dimensions in biopsies from nonischemic left ventricular (LV) myocardium from men and women undergoing coronary artery bypass graft surgery. Our finding that women had greater arteriolar wall thickness and diffusion radius relative to body surface area (BSA) and to cardiomyocyte width led us to also study angiogenesis-related markers in this patient population.
Methods
The St. Vincent's Health Human Research Ethics Committee approved this research, and all patients gave written informed consent. For details of the St. Vincent's Health Cardiac Tissue Bank and biopsy of the nonischemic LV myocardium, see the online Data Supplement available at http://hyper.ahajournals.org. We selected all of the 57 patients, 46 men and 11 women (8 postmenopausal), scheduled for coronary artery bypass graft surgery alone from the Tissue Bank who did not have heart failure or atrial fibrillation, had not received furosemide therapy, and did not have evidence of previous myocardial infarction. Absence of previous myocardial infarction was established from the clinical history, ECG, and troponin measurements and was confirmed by inspection of the ventriculogram, transthoracic and transesophageal echocardiography, and examination of the heart at surgery. All patients had normal or near-normal LV systolic function as assessed by preoperative transthoracic echocardiography and/or ventriculogram, with an LV ejection fraction Ն50%. Although most patients had preceding angina, 4 men and 2 women without angina came to coronary artery surgery after medical workup for planned major noncardiac surgery or had a strong family history of coronary artery disease. Metabolic syndrome and diabetes were defined as detailed in the online Data Supplement.
Detailed biochemical, histological, and statistical methods can be found in the online Data Supplement.
Results

Study Patients
The 2 patient groups were of similar age and had similar extent of coronary artery disease (Table 1) . Four men and 2 women did not have angina before surgery. Of the remaining patients, the median duration of angina was 6 months (range 1 to 360) in men (nϭ42) and 24 months (range 1 to 240) in women (nϭ9). Of the 42 men with angina, 2 had stable angina, 24 had angina of Ͻ2 months duration or increasing in severity, and 16 had rest pain before surgery. Of the 9 women with angina, 2 had angina of Ͻ2 months duration or increasing in severity, and 7 had rest pain before surgery. Men and women had similar clinical characteristics except that women had a lower BSA and lower hemoglobin. There were no differences in therapies between men and women.
Men and women had similar hemodynamics at the time of surgery (Table 1 ). In particular, men and women had similar LV filling pressures, as indicated by pulmonary capillary wedge pressure. Among the patients who had preoperative transthoracic echocardiography, the 2 patient groups had similar LV ejection fraction (median, interquartile range; men: 60, 58% to 64%, nϭ29; women: 61, 56% to 66%, nϭ8; Pϭ0.94), LV end-diastolic diameter (men: 4.9, 4.6 to 5.2 cm, nϭ19; women: 4.4, 4.2 to 5.0 cm, nϭ5; Pϭ0.14), septal wall thickness (men: 1.1, 0.8 to 1.2 cm, nϭ19; women: 1.0, 0.8 to 1.2 cm, nϭ6; Pϭ0.82), posterior wall thickness (men: 1.0, 0.8 to 1.2 cm, nϭ20; women: 1.0, 0.9 to 1.1 cm, nϭ6; Pϭ1.0), mitral Doppler flow velocity E/A wave ratio (men: 1.0, 0.9 to 1.2, nϭ22; women: 0.8, 0.7 to 1.2, nϭ7; Pϭ0.26), mitral valve deceleration time (men: 232, 192 to 266 ms, nϭ26; women: 207, 191 to 236 ms, nϭ7; Pϭ0.42), early diastolic peak velocity of the septal mitral annulus, EЈ (men: 5.9, 4.6 to 6.9 cm/s, nϭ22; women: 5.8, 5.5 to 7.3 cm/s, nϭ6; Pϭ0.80), and E/EЈ ratio (men: 12, 9 to 14, nϭ25; women: 13, 9 to 15, nϭ6; Pϭ0.73).
Histology
Women had less total and interstitial fibrosis than men, but similar perivascular fibrosis ( Figure 1 and Table 2 ). Because of the trend for arterioles of women to have greater mean diameter than the arterioles of men, arteriolar dimensions were analyzed for arterioles of mean diameter 20 to 80 m, and women had 47% greater arteriolar wall area/circumference ratio, indicative of a greater arteriolar wall thickness. There were no differences between men and women in cardiomyocyte width, capillary length density, or diffusion radius. Cardiomyocyte width, capillary length density, and diffusion radius of men were each correlated with BSA, and cardiomyocyte width was correlated with diffusion radius (Figure 2) . Similarly, significant correlations existed for body weight and lean body mass, whereas correlations with height and body mass index were not statistically significant (data not shown).
BSA of women was 90% of that of men, and lean body mass of women was 72% of that of men ( Table 1 ). The cardiomyocyte width/BSA ratio was similar for men and women, whereas the cardiomyocyte width/lean body mass ratio of women was greater than that of men ( Table 2 ). There was evidence for a reduced capillary length density in women, relative to BSA, lean body mass, and cardiomyocyte width, in that women had a greater diffusion radius/BSA ratio, diffusion radius/lean body mass ratio, and diffusion radius/cardiomyocyte width ratio than men.
Plasma Levels of Advanced Glycation End Products and Angiogenesis-Related Biomarkers
Given the greater diffusion radius relative to BSA, lean body mass, and cardiomyocyte width in women, we measured the levels of advanced glycation end products (AGEs) and angiogenesis-related biomarkers in plasma collected from these patients before surgery (Table S1 , available in the online Data Supplement). Compared with men, women had 28% lower vascular endothelial growth factor receptor (VEGFR)-1 levels (Pϭ0.048) associated with a nonsignificant 74% increase in VEGF-A levels, and the VEGFR-1/ VEGF-A ratio was 48% lower in women (Pϭ0.024).
Discussion
Several mechanisms have been proposed for the greater cardiac mortality of women with stable angina and acute coronary syndrome than similarly aged men, despite less obstructive coronary artery disease. These include the smaller coronary arteries, 11, 12 abnormal coronary reactivity, 13 microvascular dysfunction, 10 and a predisposition to plaque erosion and distal embolization in women. 14, 15 The myocardium normally extracts most of the oxygen in arterial blood, and the importance of the coronary microvasculature to the ischemic vulnerability of the myocardium is well recognized. 16, 17 The greater arteriolar wall area/circumference ratio, indicative of increased arteriolar wall thickness, was associated with a parallel trend for greater arteriolar diameter and was consistent with vascular hypertrophy rather than eutrophic remodeling of the arteriolar vessel wall. Tone and remodeling of resistance vessels are highly interrelated, 18 and arteriolar hypertrophy may predispose women to a greater coronary vasoconstrictor or lesser vasodilator response to vasoactive agents. Impaired coronary dilator response to acetylcholine predicts cardiovascular events, 13, 19 and impaired coronary microvascular reactivity to adenosine predicts adverse outcomes in women evaluated for suspected 49 ; eGFR, estimated glomerular filtration rate calculated using the Modification of Diet in Renal Disease study equation 50 ; NT-proBNP, amino-terminal-pro-B-type natriuretic peptide.
ischemia. 20 Several studies indicate that women have a higher coronary microvascular tone than men. These include the prediction of incident coronary events by smaller retinal arterial caliber, a marker of lower hyperemic myocardial blood flow, 9 in women but not in men, 10 the more frequent occurrence of impaired coronary flow reserve in response to intracoronary adenosine in women, 21 and the more frequent occurrence of coronary microvascular spasm in women. 22 Because the diffusion radius was correlated with BSA and cardiomyocyte size, we expressed diffusion radius not only in absolute terms but also as diffusion radius/BSA and diffusion radius/cardiomyocyte ratios. The greater arteriolar wall area/ circumference ratio, diffusion radius/BSA ratio, and diffusion radius/cardiomyocyte width ratio of women may contribute to their greater vulnerability to myocardial ischemia. Consistent with this speculation is the increased risk of all-cause cardiac death associated with LV hypertrophy, with its associated increased diffusion radius, 17, 23 and the greater impact of LV hypertrophy on survival in women than in men without significant coronary disease, 24 although not in patients with coronary artery disease. 25 A previous autopsy study reported loss of cardiomyocytes and cardiomyocyte hypertrophy in association with aging in men but not in women, and at the age of the patients in our study, there was a trend for men to have a greater cardiomyocyte width than women. 26 However, another recent small autopsy study reported similar cardiomyocyte size and capillary length density in men and women without coronary artery disease. 27 Our finding that cardiomyocyte width correlated with body size was consistent with the establishment of cardiomyocyte number in infancy, with subsequent increases in body size and LV mass accompanied by cardiomyocyte enlargement. 28 After puberty, LV mass is higher in men than in women, 28 -30 and despite the higher BSA of men, the LV mass/BSA ratio is higher in men. 28 -30 In addition to body size and gender, hemodynamic load is a major influence on LV mass, 31 but there were no differences in blood pressure, hemodynamics, or antihypertensive medication use between men and women in our study. Given the lower LV mass/BSA ratio reported in women 28 -30 
Our finding of a correlation between cardiomyocyte width and diffusion radius was consistent with the critical role of cardiomyocyte size in determining capillary length density and diffusion radius in the adult because of the limited potential for myocardial angiogenesis in adults. 23, 32 In addition, we showed that capillary length density and diffusion radius were each correlated with body size. However, the greater diffusion radius/BSA ratio of women could not be explained by a greater cardiomyocyte size because of the trend for women to have smaller cardiomyocyte width than men. Moreover, the use of medications that may influence myocardial angiogenesis, such as angiotensin converting enzyme inhibitors and angiotensin receptor blockers, 33, 34 was similar for men and women in this study.
Alterations in myocardial capillary density may be a consequence of changes in factors that control angiogenesis or, alternatively, may cause a reactive change in angiogenesis factors. The role of AGEs in angiogenesis is complex, with both inhibition and stimulation of angiogenesis described. 35, 36 However, we found no difference between men and women in plasma levels of AGEs or soluble receptor for AGEs. VEGF-A is a major regulator of angiogenesis, and the soluble form of VEGFR-1 functions as a circulating VEGF-A antagonist by preventing VEGF-A binding to VEGFR-2, the main VEGFR mediating angiogenesis. 37 VEGF-A levels are increased in both acute and chronic myocardial ischemia and predict cardiac risk, 38 -40 whereas there are reports of both increased and decreased VEGFR-1 levels following myocardial infarction. 38, 41 The reduced VEGFR-1 levels and VEGFR-1/VEGF-A ratio and nonsignificant 74% increase in VEGF-A levels in women, compared with men, in our study may therefore reflect their possible predisposition to ischemia attributable to their arteriolar hypertrophy and their greater diffusion radius relative to BSA and cardiomyocyte width.
Although sex-related differences in myocardial remodeling have been described, 42 the role of sex hormones in cardiac fibrosis is uncertain. Inhibition of cardiac fibroblast growth by estrogens 43 is unlikely to apply to our study because most women were postmenopausal and none were taking estrogens. In contrast to our finding of lower myocardial intersti- tial fibrosis in women with coronary artery disease, men and women with aortic stenosis were recently reported to have similar myocardial fibrosis, 44 and an autopsy study also reported similar collagen content of myocardium from men and women. 45 Moreover, experimental studies showed no effect of androgens on cardiac mass or fibrosis of wild-type mice, although androgens increased cardiac mass and fibrosis of mice lacking the gene encoding guanylyl cyclase-A. 46 We found no association between myocardial fibrosis and any echocardiographic or hemodynamic parameter for the 46 men in this study (data not shown), and the functional significance of lower myocardial interstitial fibrosis in women is unknown. 36 22 Cardiomyocyte width (µm) Diffusion radius (µm) Body surface area (m 2 ) Cardiomyocyte width (µm) This study had a number of limitations. It had limited sample size because of the need for a myocardial biopsy from each patient and the smaller proportion of women undergoing coronary artery bypass graft surgery. Another limitation was the inherent selection bias caused by the sampling of patients presenting for coronary artery bypass graft surgery, and it is not known whether our findings apply to patients with less extensive coronary artery disease. However, the key differences in characteristics of ischemic heart disease between men and women occur in those with coronary artery disease, and in a separate study, we found similar myocardial fibrosis, cardiomyocyte width, capillary length density, diffusion radius, and arteriolar dimensions in aortic stenosis patients with and without coronary artery disease (data not shown). Although men and women had similar extent of coronary lesions, there was, however, a borderline significant greater proportion of men with left main stenosis that may have precipitated surgery independent of coexisting microvascular dysfunction more than other coronary lesions. To avoid the effect of coronary stenoses on myocardial structure and the microvasculature, we took particular care to collect biopsies from the same epicardial region of the LV myocardium without evidence of ischemia or wall motion abnormality, which was proximal to significant flow-limiting coronary stenoses and collaterals. However, it cannot be guaranteed that the biopsies were from healthy and comparable parts of myocardium of different patients, as subclinical perfusion disturbances might not be obvious, and another limitation of this approach is that we do not know if the data obtained apply to other regions of the myocardium. Moreover, we had echocardiographic data for only a limited number of patients, although we had ventriculograms and hemodynamic data, including LV filling pressures, for all patients.
Perspectives
The coronary microvasculature makes a greater contribution to ischemic heart disease in women than in men, impacting on their quality of life and leading to premature myocardial infarction and death. We found that women with extensive coronary artery disease presenting for coronary artery bypass graft surgery had greater arteriolar wall thickness and diffusion radius relative to BSA and to cardiomyocyte width than men. If these differences in coronary microvasculature were to exist in women with less severe coronary artery disease, they may contribute to the greater vulnerability of women to myocardial ischemia and may thereby explain in part the different presentation of ischemic heart disease in women from that of men. These findings could also help explain why women tolerate obstructive coronary artery disease poorly. Additional studies of larger numbers of women with less extensive coronary artery disease are required to confirm these findings. Improved understanding of the mechanisms of myocardial arteriolar hypertrophy and the regulation of myocardial capillary length density and diffusion radius may lead to new therapies that reduce the burden of ischemic heart disease not only in women but also in men.
Methods:
St. Vincent's Health Cardiac Tissue Bank The St. Vincent's Health Cardiac Tissue Bank was established for the purpose of investigating myocardial mechanisms of heart failure. St. Vincent's Health is a tertiary referral hospital and most patients were referred from other suburban or country hospitals. Patients recruited to the Tissue Bank were unselected apart from the requirement for informed consent, and the exclusion of patients with previous cardiac surgery or who were at particularly high surgical risk. Between April 2005 and November 2008, 323 patients scheduled for cardiac surgery were recruited to the Tissue Bank. These included patients undergoing coronary artery bypass graft surgery, valve surgery, or the combination of coronary artery bypass graft and valve surgery. St. Vincent's Health performs approximately 450 cardiac surgical procedures with cardiopulmonary bypass each year. The 323 patients recruited to the Cardiac Tissue Bank were only a small proportion of the total number of potential patients. This was because only two of the four surgeons collected biopsies, many patients were recruited to other research studies and were therefore unavailable for recruitment to the Tissue Bank, the need for consent by the patient and their family, and the availability of staff to obtain consent and to attend theatre for the collection and processing of biopsies and plasma and the collection of data.
All blood samples were collected from the radial artery cannula of fasted patients before anesthesia and plasma stored at -80°C. All patients had Swan-Ganz catheters inserted before surgery that provided measures of pulmonary artery and pulmonary capillary wedge pressures and cardiac output recorded immediately after induction of anesthesia.
A partial-thickness wedge-shaped biopsy was taken during surgery, immediately after cardioplegia, from a region of the lateral wall of the left ventricle near the base of the heart, between the territories of the left anterior descending and circumflex arteries, that was free of any macroscopic pathology, without evidence of ischemia or wall motion abnormality on preoperative or intra-operative imaging studies. The biopsy was excised with an elliptical incision and was approximately 3 mm in width, 5-10 mm in length, and 5 mm in depth. The biopsy was immediately rinsed in ice-cold normal saline with 20 mmol/L KCl to ensure cardiomyocytes and vessels were relaxed. The inner 2 mm of the biopsy was excised and cut into 2 portions; one portion was placed in RNAlater RNA stabilization reagent (Qiagen, Valencia, CA) and stored at -80°C for subsequent RNA extraction, and one portion was frozen in liquid nitrogen and stored at -80°C for subsequent proteomics studies. The remainder of the biopsy, including the epicardium, was cut into 2 portions; one portion was immersion fixed in 4% paraformaldehyde and embedded in paraffin, and the other portion was frozen in Optimum Cutting Temperature compound (Tissue-Tek, Sakura Finetek Europe B.V., Alphen aan den Rijn, The Netherlands) for frozen section. Paraffin-and frozen-embedded tissues were embedded with the epicardium on one side; however, it was not possible to determine the orientation of cardiomyocytes and capillaries in the tissue before embedding.
Transthoracic echocardiography was performed either by the referring hospital or by St. Vincent's Health. However, for some patients who did not have echocardiography performed by the referring hospital, there was insufficient time after admission to St. Vincent's Health to perform echocardiography before surgery. However, all patients had ventriculograms performed. CML, carboxymethyl lysine; FGF, fibroblast growth factor; HGF, hepatocyte growth factor; LMWF, low molecular weight fluorophore; PLGF, placental growth factor; sRAGE, soluble receptor for advanced glycation end-products; Tie-1 and Tie-2 are angiopoietin receptors 1 and 2, respectively; VEGF, vascular endothelial growth factor; VEGFR, vascular endothelial growth factor receptor.
